Pituitary adenomas account for approximately 10% of intracranial tumors, but little is known of the oncogenesis of these tumors. The identification of tumor-specific genes may further elucidate the pathways of tumor formation. We used complementary DNA microarrays to examine gene expression profiles in nonfunctioning, PRL, GH, and ACTH secreting adenomas, compared with normal pituitary. Microarray analysis showed that 128 of 7075 genes examined were differentially expressed. We then analyzed three genes with unique expression patterns and oncogenic importance by RT-real time quantitative PCR in 37 pituitaries. Folate receptor gene was significantly overexpressed in nonfunctioning adenomas but was significantly underexpressed in PRL and GH adenomas, compared with controls and to other tumors. The ornithine decarboxylase gene was significantly overexpressed in GH adenomas, compared with other tumor subtypes but was significantly underexpressed in ACTH adenomas. C-mer proto-oncogene tyrosine kinase gene was significantly overexpressed in ACTH adenomas but was significantly underexpressed in PRL adenomas. We have shown that at least three genes involved in carcinogenesis in other tissues are also aberrantly regulated in the major types of pituitary tumors. The evaluation of candidate genes that emerge from these experiments provides a rational approach to investigate those genes significant in tumorigenesis. (J Clin Endocrinol Metab 86: 3097-3107, 2001) 
derexpressed in PRL and GH adenomas, compared with controls and to other tumors. The ornithine decarboxylase gene was significantly overexpressed in GH adenomas, compared with other tumor subtypes but was significantly underexpressed in ACTH adenomas. C-mer proto-oncogene tyrosine kinase gene was significantly overexpressed in ACTH adenomas but was significantly underexpressed in PRL adenomas. We have shown that at least three genes involved in carcinogenesis in other tissues are also aberrantly regulated in the major types of pituitary tumors. The evaluation of candidate genes that emerge from these experiments provides a rational approach to investigate those genes significant in tumorigenesis. (J Clin Endocrinol Metab 86: 3097-3107, 2001) P ITUITARY ADENOMAS ARE common nonmetastasizing neoplasms, accounting for approximately 10% of intracranial tumors. They cause significant morbidity because of compression of regional structures or by the inappropriate expression of pituitary hormones (1, 2) . Currently, little is known regarding the oncogenesis of these tumors. Molecular genetic studies have demonstrated that pituitary tumors are monoclonal in origin (3, 4) . A minority is part of an autosomal dominant syndrome, multiple endocrine neoplasia type 1 (MEN1), which is associated with mutations in the MEN1 tumor suppressor gene. A few sporadic adenomas show loss of heterozygosity on 11q13, the region containing the MEN1 gene, but mutations in this gene are rare in sporadic tumors (5) (6) (7) (8) .
Oncogenes also play a role in pituitary tumorigenesis. In particular, a dominant mutation occurs in the G␣s gene in about 30% of somatotrophinomas, but these mutations are rare in other pituitary tumors (2, 9, 10) . The G␣q protein, which functions similarly to the G␣s protein in pituitary signal transduction, does not harbor equivalent activating mutations in pituitary adenomas (11) .
Recently, new insights into the neoplastic process have emerged as technical advances have permitted large-scale analysis of eukaryotic gene expression. Microarray analysis has successfully identified unexpected gene expression patterns and allowed researchers to define clinically relevant phenotypic differences in several types of human tumors that were indistinguishable by traditional histopathological examination (12) (13) (14) (15) (16) . Ultimately, this approach may yield a molecularly based classification system of human tumors that will allow more accurate diagnosis, prognosis, and prediction of therapeutic responses. To our knowledge, no comprehensive study of pituitary adenoma gene expression using complementary DNA (cDNA) microarray analysis has been performed. It is not known how many genes are expressed differentially in pituitary adenomas, compared with normal pituitary, whether the differences are tumor specific, or what the magnitude of such differences might be.
In this study, we used cDNA microarray analysis to compare expression profiles of 7075 genes in normal pituitary vs. adenoma tissue from each of the major subtypes: clinically nonfunctioning (NF), PRL adenoma, GH adenoma (acromegaly), and ACTH secreting adenoma (Cushing's disease). Furthermore, because no clinically useful genetic marker exists for detection and monitoring of most pituitary neo-plasms, we sought to identify potential expression markers from the vast numbers of genes interrogated by microarray analysis. Among 128 genes that were differentially expressed by 2.0-fold or more, we identified three candidate genes that were uniquely expressed among the tumor subtypes. These three genes are known to be involved in the oncogenesis of other cancers. We verified the expression levels of these genes by RT-real time quantitative PCR (RT-qPCR) in a large series of tumors. RT-qPCR analysis allowed us to quantify the relative expression of these candidate genes with accuracy from a very limited amount of clinical specimens.
Materials and Methods

Patients and tumor characterization
Thirty-two sporadic pituitary adenomas were obtained from patients at Emory University Hospital following transsphenoidal surgery. The clinical and pathological characteristics of these adenomas are listed in Table 1 . Portions of the surgical specimens were frozen in liquid nitrogen and stored at Ϫ80 C. The remaining portions were processed for routine histology and immunohistochemistry (Table 1) . Informed consent for inclusion in this study was obtained. Five normal pituitary glands used as controls were obtained from the National Hormone and Pituitary Program, National Institute of Diabetes and Digestive and Kidney Diseases (Bethesda, MD).
For cDNA microarray analysis, we compared the gene expression profile of a normal pituitary gland to single cases of clinically NF, PRL, GH, and ACTH secreting adenomas. For RT-qPCR, we analyzed 32 tumors and five normal pituitaries. The 32 tumors comprised 10 NF, 7 PRL, 8 GH, and 7 ACTH secreting adenomas, including all samples analyzed by cDNA microarray. All tumors (except one with cavernous sinus invasion) were noninvasive as defined by histological and radiologic criteria. We chose to compare gene expression of immunohistochemically postive tumors (GH, PRL, ACTH) with other tumors that were immunohistochemically negative and with the normal pituitary to enhance the possibility that we might observe a significant difference in gene expression. We realize that the majority of NF tumors are immunohistochemically gonadotrope adenomas.
Immunohistochemistry
For immunohistochemical studies, sections were deparaffinized and subjected to heat-induced antigen retrieval by steaming (20 min at 80 C). Slides were then incubated at room temperature with antibodies directed toward ACTH (polyclonal, 1:12,000; DAKO Corp., Carpenteria, CA), FSH (polyclonal, 1:24,000; DAKO Corp.), GH (monoclonal, 1:200; BioGenex Laboratories, Inc. San Ramon, CA), LH (monoclonal, 1:6400; BioGenex Laboratories, Inc.), PRL (monoclonal, 1:160; BioGenex Laboratories, Inc.), and TSH (monoclonal, 1:1600; BioGenex Laboratories, Inc.). Antibodies were detected using the avidin-biotin complex method, using diaminobenzidine as the chromogen. Adenomas were graded as 0 -4 for intensity of staining for each peptide hormone.
RNA extraction
Tumor tissue was washed twice in ice cold phosphate-buffered saline to remove contaminating blood. Total RNA was extracted from normal pituitaries (100 -300 mg) or pituitary adenomas (30 -200 mg) using the TRIzol reagent protocol (Life Technologies, Inc., Gaithersburg, MD).
Microarray preparation and hybridization
Microarray preparation, fluorescent labeling of probes, hybridization, and scanning of the UniGEM V. 1 microarray (Incyte Genomics, 
Scanning, normalization, and informatics
After washing, the GEM microarray was scanned at 10-m resolution to detect Cy3 (adenomas) and Cy5 (normal pituitary) fluorescence. Both Cy3 and Cy5 channels were simultaneously scanned with independent lasers. A 16-color log scale was used for visual representation. A gridding and region detection algorithm was used to determine elements. The area surrounding each element image was used to calculate a local background that was subtracted from the total element signal. Background subtracted element signals were used to calculate Cy3:Cy5 ratios. The average of the resulting total Cy3 and Cy5 signals gave a ratio that was used to balance or normalize the signals. Incyte GEMtools software (Incyte Genomics, Inc.) was used for data analysis.
RT-qPCR
The RT-qPCR system detects PCR products as they accumulate rather than assaying final product after a fixed number of cycles. The GeneAmp 5700 sequence detection system (PE Applied Biosystems, Foster City, CA) provides a way to monitor in real time the accumulation of DNA synthesis during the PCR process. It excites fluorescence of the selected dye and images the emitted light during each thermal cycle of the PCR run. To verify the microarray analysis, we used RT-qPCR analysis to measure the expression levels of three genes in five normal pituitaries and 32 tumor samples, including residual RNAs from the samples analyzed by microarray. The three genes studied were folate receptor ␣ (FR; GenBank U20391), ornithine decarboxylase 1 (ODC; GenBank M81740), and C-mer proto-oncogene tyrosine kinase (CMP-tk; GenBank U08023). These genes are involved in oncogenesis of other cancers, and each was found to be significantly and uniquely overexpressed in one of the major subtypes of adenomas by cDNA microarray. Primers were selected using Primer Express software (PE Applied Biosytems) and synthesized by the Microchemical Facility at Emory University. The human FR primers were: sense strand 5Ј-GAACGCCAAGCACCA-CAAG-3Ј and antisense strand 5Ј-GGTCGACACTGCTCATGCAA-3Ј. The human ODC primers were: sense strand 5Ј-TGCTGCTGCCTC-TACGTTCA-3Ј, and antisense strand 5Ј-CCACGCAGGCCCTGAC-3Ј. The human CMP-tk primers were: sense strand 5Ј-CCCGGCGTGCTA-ACTGTT-3Ј and antisense strand 5Ј-TTGTCATTGTGGGCCTCACA-3Ј. Ribosomal RNA (18S rRNA) was used as internal control (PE Applied Biosystems). Total RNA (5 g) of each sample was reverse transcribed in 20 L using 150 ng of random prime hexamers, 0.5 mm of deoxynucleotide triphosphate, and 50 U Superscript RT as recommended by the manufacturer (Life Technologies, Inc.). The RT reaction products were then diluted in water (10-to 100-fold for candidate genes and 10,000-fold for 18S rRNA) and subjected to PCR according to PE Applied Biosystems recommendations with few modifications. The PCR was performed in a 25-L reaction using 2.5 L of the diluted first-strand cDNA template, optimized amount of primers, water, and 12.5 L of the 2ϫ SYBR Green I dye PCR master mix (PE Applied Biosystems). All PCR reactions were cycled in the GeneAmp 5700 sequence detection system at 50.0 C for 2 min, 95.0 C for 10 min, and 40 cycles of 95.0 C for 15 s and 60.0 C for 1 min. The specificity of the PCR reactions was determined from the dissociation curve analysis. Standard curves for FR, ODC, CMP-tk, and 18S rRNA were performed each time the genes were analyzed. All PCR products were in the linear range of the exponential phase of PCR amplification. The quantity of the specific genes obtained from standard curves was normalized to that of the 18S rRNA of the same sample. All PCR reactions were performed at least in duplicate. Fold difference was the ratio of the normalized value of each tumor sample to the mean of the five normalized values of the controls.
Statistical methods
All normalized values from RT-qPCR were tested for normality and homoschedasticity before being analyzed by parametric ANOVA. Because none of the assumptions for parametric testing, including transformation of the data, could be met, all of the dependent variables were analyzed by nonparametric alternatives. Analyses were calculated using SPSS, Inc. We analyzed the data with Kruskal-Wallis one-way ANOVA on ranks. To determine between-group differences, we used MannWhitney test, a nonparametric, pairwise comparison procedure. Differences were considered significant at a P less than 5% (P Ͻ 0.05).
Results
We used cDNA microarray analyses to compare the expression profiles of 7075 genes in normal pituitary vs. NF, PRL, GH, and ACTH secreting adenomas. With Incyte microarray technology (Incyte Genomics, Inc.), differential expression values greater than 1.7 are likely to be significant, based on internal quality control data. We present the data using a more stringent ratio, restricting our analysis to genes overexpressed or underexpressed at least 2.0-fold in tumors relative to the normal pituitary gland. We summarize the highlights below and present the full profile in Table 2 .
Expression profile of nonfunctioning adenoma
In the NF adenoma, 60 genes were differentially expressed, compared with the normal pituitary, by a factor of 2.0-fold or greater; 25 genes were overexpressed in the adenoma from 2.0-to 3.8-fold, and 35 genes were underexpressed from 2.0-to 31.3-fold. In the NF adenoma, FR-␣ was overexpressed by 2.5-fold. Guanine nucleotide binding protein and an expressed sequence tag with weak similarity to STE20-like kinase 3 were the two most highly expressed genes (3.8-fold) in the NF adenoma. Among the underexpressed genes, PRL, FSH ␤ polypeptide, TSH ␤, luteinizing hormone ␤ polypeptide (LH), and Pit-1 transcription factor were underexpressed by 31.3-, 2.4-, 9.2-, 6.2-, and 11.7-fold, respectively, consistent with the nonsecretory status of this tumor. Compared with other tumor types, 22 genes were uniquely overexpressed in the NF tumor, and eight genes were uniquely underexpressed ( Table 2) .
Expression profile of PRL secreting adenoma
In the PRL adenoma, 47 genes were differentially expressed, compared with normal pituitary, by a factor of 2.0-fold or greater; 17 genes were overexpressed in this adenoma from 2.0-to 4.7-fold, and 30 genes were underexpressed from 2.0-to 17.2-fold. The transforming growth factor ␤ receptor III gene was overexpressed 2.3-fold. Trichohyalin was the most highly overexpressed gene (4.7-fold) in this adenoma. Consistent with the secretory status of this adenoma, PRL and Pit-1 were overexpressed by 2.9-and 1.8-fold, respectively, while FSH, LH, and TSH were all underexpressed by 10.2-, 4.0-, 17.2-fold, respectively. Also, protease inhibitor 12 gene was preferentially overexpressed in PRL adenoma (3.8- fold) but underexpressed in ACTH, NF, and GH adenomas. Compared with other tumor types, 12 genes were uniquely overexpressed in the PRL tumor, and 12 genes were uniquely underexpressed ( Table 2) .
Expression profile of GH secreting adenoma
In the GH adenoma, 30 genes were differentially expressed vs. normal pituitary by a factor of 2.0-fold or greater; 15 genes were overexpressed from 2.0-to 2.8-fold, and 15 genes were underexpressed from 2.0-to 23-fold. ODC, the rate-limiting enzyme in polyamine metabolism, was overexpressed only in this GH adenoma by 2.3-fold. Consistent with the secretory status of this tumor, GH-releasing hormone receptor was overexpressed in the GH adenoma (2.0-fold) but underexpressed in all other adenomas. Furthermore, PRL, FSH, TSH, and LH were underexpressed by 2.2-, 23.0-, 16.2-, and 4.9-fold, respectively, and Pit 1 was overexpressed by 2.3-fold. Compared with other tumor types, 10 genes were uniquely overexpressed in the GH adenoma, and none were uniquely underexpressed (Table 2) .
Expression profile of ACTH secreting adenoma
In the ACTH adenoma, 51 genes were differentially expressed vs. normal pituitary by a factor of 2.0-fold or greater; 19 genes were overexpressed from 2.0-to 6.6-fold, and 32 genes were underexpressed from 2.0-to 19.2-fold. CMP-tk was overexpressed by 4.8-fold in this adenoma and transforming growth factor ␤ receptor III gene was overexpressed by 2.5-fold. The androgen receptor, polypeptide 7 of cytochrome P450, and regulator of G protein signaling 2 genes were overexpressed by 5.0-, 4.2-, and 3.6-fold, respectively. In agreement with the functional category of this adenoma, Pit 1, PRL, FSH, LH, and TSH were underexpressed by 7.9-, 10.7-, 19.2-, 5.8-, and 8.7-fold, respectively. Compared with other tumor types, 12 genes were uniquely overexpressed in the ACTH tumor, and 5 genes were uniquely underexpressed (Table 2) .
Finally, in addition to FSH, TSH, and LH, vimentin and spermidine/spermine N1-acetyltransferase (S/SAT) were underexpressed in all four types of adenomas. The downregulation of vimentin probably reflects the clonal expansion of cells that do not express vimentin, compared with the normal pituitary control that contains multiple cell types. The consistent underexpression of S/SAT, a key catabolic enzyme for polyamines, suggests that accumulation of growth-stimulatory polyamines may be important for pituitary tumorigenesis. The underexpression of the peptide hormones was consistent with the hormonal phenotype of the tumors. Similarly, expression of the XIST (X56199) gene was consistent with the sex of the patients.
RT-qPCR analysis
To verify the microarray analysis, we measured the expression levels of FR, ODC, and CMP-tk mRNA in 32 tumors and five normal pituitaries using RT and RT-qPCR with SYBR Green I dye detection (PE Applied Biosystems). These genes are known to be involved in oncogenesis in other tumors and appeared to be selectively overexpressed in the different functional categories of pituitary adenomas. Figure 1A shows the relative expression level of FR mRNA in the 32 adenomas, compared with the five normal pituitaries by RT-qPCR analysis. Seven of 10 NF tumors (70%) overexpressed FR from 2-to 30-fold, compared with controls. In 5 of 10 NF adenomas (50%), the level of expression of this gene was greater than 13-fold, a level not seen with other subtypes. Notably, sample 4 was analyzed by cDNA microarray (Table 2 , FR expression was (ϩ) 2.5-fold, compared with the control). In RT-qPCR, this sample exhibited an overexpression of 17-fold of FR, compared with the mean of the five controls, and 13-fold (data not shown), compared with the single normal control that was used in the cDNA microarray analyses. Only one of the GH (sample 23) and one of the ACTH (sample 27) secreting adenomas showed an overexpression of 2-and 8-fold, respectively. In contrast, there was an underexpression of FR in seven GH (2-to 10-fold), four ACTH (4-to 38-fold), and in all seven PRL (2-to 100-fold). Overall, RT-qPCR results of FR expression are in agreement with the cDNA microarray data. Figure 2A shows the boxplot representing the normalized mRNA expression of FR in different adenoma groups, compared with the five controls. The box represents the 25th and 75th percentile range of scores. The whiskers represent the highest and lowest values. The median value of the normalized FR mRNA is indicated by the horizontal line in each rectangular box. FR was significantly overexpressed in NF adenomas, compared with controls, PRL, GH, and ACTH secreting adenomas (P Ͻ 0.05). In striking contrast to NF adenomas, FR message was significantly underexpressed in PRL secreting adenomas, compared with controls, NF, GH, and ACTH secreting adenomas (P Ͻ 0.05). In GH adenomas, this message was also underexpressed significantly, compared with controls (P Ͻ 0.05). FR expression was not significantly different in ACTH secreting adenomas, compared with controls. These findings suggest that FR overexpression is a potentially unique molecular marker for NF adenomas and may have relevance in oncogenesis. Figure 1B shows the relative expression level of ODC mRNA in the 32 adenomas, compared with the five normal pituitaries by RT-qPCR. Four of eight GH secreting adenomas (50%) showed an overexpression of ODC (2-to 7-fold), compared with the mean of the five controls. Sample 24 was analyzed by the cDNA microarray (Tables 2, ODC expression was (ϩ) 2.3-fold, compared with the control). In RT-qPCR, this sample exhibited the same level of ODC expression as the mean of the five controls but a 6-fold (data not shown) overexpression, compared with the single normal control that was used in the cDNA microarray analyses. Underexpression of ODC was observed in all 10 NF (2-to 10-fold), seven PRL (2-to 25-fold), and seven ACTH secreting adenomas (7-to 50-fold). Again, RT-qPCR results of ODC expression are in agreement with the cDNA microarray data. Figure 2B shows the boxplot representing the normalized mRNA expression of ODC in different adenoma groups, compared with the five controls. The median value of the normalized ODC mRNA is indicated by the horizontal line in each rectangular box. ODC was not significantly overexpressed in GH adenomas, compared with controls. However, this gene was significantly overexpressed in GH adenomas, compared with NF, PRL, and ACTH secreting adenomas FIG. 1 . A-C, Relative expression levels of FR, ODC, and CMP-tk mRNA determined by RT-qPCR in the 32 adenomas, compared with the five controls. Expression levels of each tumor was normalized to the 18 S ribosomal RNA of the same sample. Fold difference was the ratio of the normalized value of each sample to the mean of the five normalized values of controls. *, Tumors analyzed in cDNA microarrays; C, Five normal controls; 1-10 NF, 11-17 PRL, 18 -25 GH, and 26 -32 ACTH secreting adenomas. A, Expression levels of FR mRNA in different adenomas. Seven of 10 NF adenomas (70%) showed an overexpression of FR from 2-to 30-fold. Only one of the GH (sample 23) and one of the ACTH (sample 27) secreting adenomas showed an overexpression of 2-and 8-fold, respectively. In contrast, an underexpression of this gene was observed in seven GH (2-to 10-fold), four ACTH (4-to 38-fold), and in all seven PRL secreting adenomas (2-to 100-fold). B, Expression levels of ODC mRNA in different adenomas. Four of eight GH secreting adenomas (50%) showed an overexpression of ODC from 2-to 7-fold. In contrast, an underexpression of this gene was observed in the 10 NF (2-to 10-fold), seven PRL (2-to 25-fold), and seven ACTH secreting adenomas (7-to 50-fold). C, Expression levels of CMP-tk mRNA in different adenomas. Six of seven ACTH adenomas (86%) showed an overexpression of CMP-tk from 2-to 13-fold. An overexpression of this gene was also observed in four GH (2-to 3-fold), and in two NF (3-to 4-fold). In contrast, an underexpression of this gene was observed in four NF (2-to 4-fold) and in all seven PRL secreting adenomas (1-to 10-fold).
(P Ͻ 0.05). In contrast, ODC was significantly underexpressed in ACTH adenomas, compared with controls, NF, and GH adenomas (P Ͻ 0.05). These data suggest that ODC expression may not be a relevant molecular marker for distinguishing GH adenomas from other pituitaries. Figure 1C shows the relative expression level of CMP-tk mRNA in the 32 adenomas, compared with the five normal pituitaries by RT-qPCR. Six of seven ACTH secreting adenomas (86%) overexpressed CMP-tk from 2-to 13-fold, compared with controls. Sample 28 was analyzed by cDNA microarray (Tables 2, CMP-tk expression was (ϩ) 4.8-fold, compared with the control). In RT-qPCR, this sample exhibited an overexpression of 13-fold, compared with the mean of the five controls, and also a 13-fold (data not shown), compared with the single normal control that was used in the cDNA microarray analyses. An overexpression of this gene was also observed in four GH (2-to 3-fold) and in two NF (3-to 4-fold). In contrast, an underexpression of this gene was observed in four NF (2-to 4-fold) and in all seven PRL secreting adenomas (1-to 10-fold). Thus, RT-qPCR results of CMP-tk confirmed the cDNA microarray data. Figure 2C shows the boxplot representing the normalized mRNA expression of CMP-tk in different adenoma groups, compared with the five controls. The median value of the normalized CMP-tk mRNA is indicated by the horizontal line in each rectangular box. CMP-tk was significantly overexpressed in ACTH secreting adenomas, compared with controls, NF, PRL, and GH adenomas (P Ͻ 0.05). In GH and NF adenomas, CMP-tk expression was not significantly different from controls. In contrast, CMP-tk was significantly underexpressed in PRL secreting adenomas, compared with controls, NF, GH, and ACTH secreting adenomas (P Ͻ 0.05). The data suggest that CMP-tk overexpression in ACTH adenomas is a potentially useful marker for this subtype of adenoma and may have a relevance in oncogenesis.
Discussion
These experiments had several goals. First, we hoped to be able to identify patterns of gene expression that would be characteristic of each functional class of adenoma. This apNumbers of pituitaries tested in each group were: n ϭ 5 for controls, n ϭ 10 for NF, n ϭ 7 for PRL, n ϭ 8 for GH, and n ϭ 7 for ACTH secreting adenomas. A, Expression of FR ␣ by adenoma subtypes. *, In NF adenomas, FR mRNA was significantly overexpressed compared with controls, PRL, GH, and ACTH adenomas (P Ͻ 0.05). **, In PRL adenomas, FR mRNA was significantly underexpressed compared with controls, NF, GH, and ACTH adenomas (P Ͻ 0.05). ***, In GH adenomas, FR mRNA was significantly underexpressed, compared with controls and NF adenomas (P Ͻ 0.05). B, Expression of ODC by adenoma subtypes. *, ODC was not significantly overexpressed in GH adenomas, compared with controls. However, this gene was significantly overexpressed in GH adenomas, compared with NF, PRL, and ACTH secreting adenomas (P Ͻ 0.05). **, In ACTH adenomas, ODC mRNA was significantly underexpressed, compared with controls, NF, and GH adenomas (P Ͻ 0.05). C, Expression of CMP-tk by adenoma subtypes. *, In ACTH adenomas, CMP-tk mRNA was significantly overexpressed, compared with controls, NF, PRL, and GH adenomas (P Ͻ 0.05). **, In PRL adenomas, CMP-tk mRNA was significantly underexpressed, compared with controls, NF, GH, and ACTH adenomas (P Ͻ 0.05). proach was largely successful for NF, PRL, GH, and ACTH secreting adenomas.
Second, we sought to uncover novel markers of diagnostic or therapeutic potential. The identification of elevated FR expression in the NF adenomas, and of c-mer proto-oncogene in the ACTH secreting adenomas demonstrates the utility of this approach. Our results from cDNA microarray analyses identified genes selectively overexpressed or underexpressed in pituitary adenomas that may have relevance to pituitary oncogenesis. Pituitary adenomas may share common mechanisms with other tumors. For example, the FR gene is overexpressed in ovarian cancer (17, 18) and NF adenomas. The ODC gene, which is overexpressed in colon carcinoma (19, 20) , is also overexpressed in some GH adenomas. CMP-tk, overexpressed in leukemia (21), is also overexpressed in ACTH adenomas.
FR is preferentially expressed in nonfunctioning adenomas
The FR (gp38) is a glycosyl-phosphatidylinositol-linked membrane protein that initiates cellular accumulation of 5-methyltetrahydofolic acid in a number of epithelial cells (22) (23) (24) (25) . Folic acid is an essential vitamin and a precursor for cofactors that regulate metabolism, specifically one-carbon transfer, and plays an integral role in cellular growth and development. Antifolates such as methotrexate inhibit purine and pyrimidine synthesis and are cytotoxic (22, 23) . The FR occurs in three isoforms with high homology (FR-␣, FR-␤, and FR-␥). The FR-␣ (U20391) is the major isoform mediating folate transport and is the subject of this study. The FR-␣ receptor is absent or weakly expressed in normal tissues (25) . FR-␣ is vastly overexpressed in tumors such as ovarian, renal cell, breast, colorectal carcinomas, anaplastic ependymomas, and choroid plexus tumor (26 -28) . Cellular overexpression of the FR is thought to confer a growth advantage to cells exposed to a limited concentration of 5-methyltetrahydofolic acid by providing a means for enhanced uptake of this vital metabolite (26) . The high affinity of FR for folate and its selective overexpression in tumors provides a unique opportunity for directed chemotherapy. Folic acid analogs and conjugates such as 5,10-dideazatetrahydrofolic acid are directly cytotoxic and are therapeutically effective against some types of tumors. Since there are currently no effective chemotherapeutic agents against NF adenomas, these analogs may provide a novel medical treatment for NF tumors primarily or for residual disease. Although pituitary tumors are mostly benign, 5-35% are locally invasive. A small number exhibit a more aggressive course, infiltrating dura, bone, and sinuses, and are designated highly aggressive. However, the presence of metastases separate from the pituitary in the central nervous system or at a distance is necessary to designate pituitary tumors as carcinomas (i.e. truly malignant). Current options for chemotherapy include lomustine and 5-fluorouracil. Treatment is noncurative and may achieve only a temporary remission or delay in progression. Current experience is limited (29) . Therefore, more effective treatment is needed.
Tumors with overexpression of FR are good candidates for targeted drug delivery. Two strategies have been developed for FR-specific drug targeting: 1) coupling to monoclonal antibodies (e.g. Mov18) against the FR; and 2) coupling to folic acid, in which folic acid functions as the targeting ligand. Clinical studies in patients with ovarian cancer using 131 I-Mov18 radioimmunotherapy has been successful in some patients (30) .
FR is a molecular target for selective radiopharmaceutical delivery to tumors that overexpress the FR. FR has been targeted with Ga-deferoxamine-folate and [111In]DPTAfolate for nuclear imaging (27, 28, 31, 32) and gadolinium complexes of folate for magnetic resonance imaging (33) . The enhanced sensitivity of FR labeling for neuroimaging in patients with NF adenomas could have application in imaging microadenomas, ectopic adenomas, or tumor invasion in the cavernous sinus. FR labeling may provide a means of differentiating between postoperative changes and residual adenoma after surgery. Finally, FR imaging may provide an additional means for targeting tumors for radiosurgical treatment or image-guided tumor resection.
ODC is preferentially expressed in GH adenomas
ODC is the first and a key (rate-limiting) enzyme in the biosynthesis of the polyamines, specifically putrescine, spermidine, and spermine. ODC catalyzes the decarboxylation of ornithine to putrescine. Since polyamines are essential for cell proliferation, differentiation, and transformation, ODC is highly regulated in the cell. For example, excessive accumulation of putrescine and spermidine induces malignant transformation, and selective depletion of putrescine restores the normal phenotype in transformed cells (34) .
Overexpression of ODC is characteristic of tumor development and progression in bladder (35) , breast (36, 37) , prostate (38) , esophageal (39) , colorectal carcinomas (20) , gliomas (40, 41) , and medulloblastomas (42) . Conversely, inhibitors of ODC such as 1, 3-diaminopropane dihydrochloride are antiproliferative (35) . Polyamine deprivation using the specific inactivator, 2 ␣-difluoromethyl-ornithine results in a cytostatic effect in a human breast adenocarcinoma model (43) and inhibits glioma cell growth and migration (44) . ODC gene mutation in hepatoma tissue is related to differentiation and progression of hepatocellular carcinoma (45) . ODC enzyme activity in gliomas, meningiomas, and pituitary adenomas correlates with malignancy (40) . In another model, pituitary tumor induction by estrogen in a sensitive strain of rats is accompanied by transient increased ODC activity and PRL levels (46) . PRL also stimulates ODC (47) , which could result in sustained ODC activity in hyperprolactinemia and lead to potentiation of cell growth. In breast cancer, ODC activity correlates with PRL levels, cellularity, and malignancy (48) . Others have demonstrated that GH induces ODC activity and increases polyamine synthesis (49, 50) . Our results show significant overexpression of ODC in GH adenomas and underexpression of ODC in PRL adenomas. Most of these GH adenomas had coexpression of PRL and GH by immunohistochemistry (Table 1) . It is possible that combined GH and PRL expression rather than GH per se or PRL per se may be necessary for ODC overexpression in these pituitary adenomas.
ODC activity is also stimulated by ACTH (51) , and the pituitary regulates ODC activity primarily through the rhythmical secretion of GH and ACTH (52, 53) . We observed a significant underexpression of ODC in ACTH adenomas. In the cDNA microarrays result, we found a significant underexpression of S/SAT in all subtypes of adenomas ( Table  2) . Underexpression of the S/SAT enzyme would be synergistic with ODC overexpression in GH adenomas and result in polyamine accumulation.
From a clinical perspective, polyamine metabolism inhibition could be a target for antineoplastic therapy (54) . Indeed, clinical trials with 2 ␣-difluoromethyl-ornithine, a selective inactivator of ornithine decarboxylase, and with analogs with antagonist properties show promise as inhibitors of carcinogenesis (54 -57) . In view of our findings of ODC overexpression, these agents may also find utility in chemotherapy of GH adenomas as a means of actually suppressing tumor growth. Currently, chemotherapy of GH adenomas is limited to suppression of hormone secretion by somatostatin analogs. Management of primary tumor invasion or recurrent tumor is currently limited to reoperation or radiotherapy.
C-mer proto-oncogene is preferentially expressed in ACTH adenomas
The CMP-tk is a transmembrane receptor containing intrinsic tyrosine kinase activity and is a member of the Axl subfamily of receptor tyrosine kinases. These receptor tyrosine kinases are involved in control of cellular growth and differentiation, and when aberrantly expressed can result in neoplasia. CMP-tk mRNA occurs mainly in monocytes, epithelium, and germinal tissue and is also expressed in B-and T-cell leukemia cell lines (58) .
Growth arrest-specific gene 6 (Gas6), a ligand for CMP-tk, was initially identified as a gene product whose expression was increased in fibroblasts upon growth arrest (59) . Growth arrest-specific gene 6 is a secreted ligand with structural homology to members of a superfamily of basement membrane proteins implicated in the growth and differentiation of many cells (60) . Activated CMP-tk is both antiapoptotic and proliferative in hematopoietic cells. Induction of NF-B by CMP-tk confers a growth advantage to cells expressing C-mer (21) . Thus, the overexpression of CMP-tk in ACTH adenomas suggests that it may serve an important functional role in tumor initiation or progression.
In conclusion, we have shown that at least three genes involved in carcinogenesis in other tissues are also aberrantly regulated in the major types of pituitary tumors. Differentially expressed genes in pituitary adenomas highlight the complexity of molecular changes in these tumors and also demonstrate the power of high-throughput expression surveys. Although cDNA microarrays allow expression analysis of thousands of genes in one tumor specimen, further examination by this methodology of a large series of tumor specimens representing different tumor types, histological subtypes, and tumor grades is necessary to establish definitive frequency information for each of the emerging candidate genes. Evaluation of candidate genes that emerge from cDNA expression experiments provides a rational approach to investigating those genes significant in tumorigenesis.
